I. INTRODUCTION
Metal/B 4 C multilayer interference coatings, deposited as part of high-efficiency reflective or diffractive optics (e.g., mirrors and gratings), are relevant for a wide range of applications covering the spectral range from the extreme ultraviolet (EUV) to hard x-rays, including synchrotron optics, 1 astronomy, 2, 3 next-generation photolithography, 4 etc. In the spectral range between the Si L 2,3 -edge and the B K-edge (100 eV < E < 180 eV), B 4 C is often used as the "spacer" material in multilayer coatings. Proposed combinations include Mo/B 4 C, 5, 6 La/B 4 C, [5] [6] [7] [8] Ru/B 4 C, 9 and Pd/B 4 C. 10 At higher energies (typically E > 500 eV), short-period multilayer mirrors are required, and B 4 C is often used as a substitute to C because it provides smoother layer interfaces and higher reflectance values. [11] [12] [13] Common multilayer material pairs for this spectral domain are W/B 4 C, 2, 3, 11, 14 Ni/B 4 C, or Mo/B 4 C, 7, 15 but other combinations have been reported as well, for example, Fe/B 4 C and Rh/B 4 C.
11 B 4 C has also been used in the EUV domain (E < 100 eV), as for instance in Si/ B 4 C, 16 Si/Mo/B 4 C, 17 or Al/Mo/B 4 C 18 multilayers. Experimental results with Cr/B 4 C multilayer mirrors have been reported for applications such as synchrotron optics for x-rays of intermediate energies (1-3 keV) 19 or to reflect the B-Ka line near 183 eV. 6 B 4 C thin layers have also been introduced as barrier layers in Cr-based multilayers, such as Cr/Sc or Cr/V. [20] [21] [22] Moreover, promising designs have been reported using Cr/B 4 C multilayers, for instance, narrowband mirrors near the Cr K-edge 23 and broadband mirrors with aperiodic multilayers. 24 Cr/B 4 C is also an attractive candidate material pair for mirrors operating at photon energies just below the Cr L 2,3 -edge, due to the reduced Cr absorption which leads to enhanced reflectance. Another advantage of Cr/B 4 C multilayers is thin film stress manipulation. By optimizing layer thickness and deposition parameters, it should be possible to produce very low stress coatings by compensating the B 4 C compressive stress with the Cr tensile stress. 25 Despite the potential interest of this material combination, very few studies on Cr/B 4 C multilayer structures and their interfaces have been reported up to now. A comparison of ultrathin metal/light material multilayers was published in 2002 and includes a Cr/B 4 C multilayer deposited by magnetron sputtering (MS). 13 The authors studied the film microstructure by transmission electron microscopy (TEM) and interpreted their results by means of thermodynamic and thermochemical considerations. However, no experimental results concerning the x-ray reflective performance and its dependence on layer interfaces in this multilayer have been reported.
In this paper, we present an experimental study and optimization of Cr/B 4 C multilayers deposited by magnetron sputtering and by ion beam sputtering (IBS). Characterization methods include grazing incidence x-ray reflectometry (GIXR) using a Cu-Ka source, soft x-ray reflectometry (SXR) using synchrotron sources, TEM, and atomic force microscopy (AFM). We propose a model with an additional interdiffusion layer at the B 4 C-on-Cr interface (3-layer model) in order to interpret the reflectometry results consistently among different samples measured at different photon energies. Then, we present TEM images of selected Cr/B 4 C samples and compare them with the proposed 3-layer model. Finally, we report on measurements of Cr/B 4 C reflectance in the vicinity of the Cr L 2,3 edge and compare them with simulations using available optical constants.
II. EXPERIMENTAL PART

A. Equipment
The multilayer samples discussed in this paper have been deposited by IBS or by MS. Concerning the IBS deposition system, the residual pressure is in the range 10 gun delivers the ion beam to the target. The multilayer deposition is achieved by rotating the bulk material targets facing the sample holder. The chamber geometry is described in more detail in Ref. 26 . Float glass substrates (with 20 mm diameter and 3 mm thickness) were used in the IBS depositions. The MS deposition system is a Plassys MP800S that has been described in previous papers. 17 During the deposition process, the Ar working gas pressure was 0.093 Pa in the deposition chamber. The plasma discharge was established with an 150 W RF power for the B 4 C target and 50 mA DC current (16 W) for the Cr target. Si wafer substrates of 100 orientation and 1 mm thickness were used in the MS depositions, with dimensions 25 Â 25 mm 2 . For both machines (IBS and MS), we estimated the deposition rate of each material by depositing and characterizing single-layer thin films of the material, prior to multilayer deposition. During multilayer deposition, the thickness of each layer is controlled by the deposition time. All multilayer structures are characterized by means of grazing-incidence X-ray reflectometry at 0.154 nm. Our GIXR apparatus consists of a commercial grazing incidence reflectometer (BRUKER V R Discover D8) equipped with a Cu Ka radiation source (wavelength k ¼ 0.154 nm), a collimating G€ obel mirror, a rotary absorber, Soller and divergence slits, and a scintillator.
The Metrology and Tests beamline at Synchrotron SOLEIL and the reflectometer facility at beamline 6.3.2. of the Advanced Light Source (ALS) synchrotron at Lawrence Berkeley National Laboratory (LBNL) provided soft x-ray reflectance measurements in the energy range 150-620 eV.
The Metrology and Tests beamline at Soleil is a versatile soft X-ray beamline for precision at-wavelength metrology. 27 The measurements presented here are obtained with the reflectometer of the EUV branch. Bending magnet radiation is monochromatized with a fixed-deviation, plane-grating monochromator. The Au-coated, 75 lines/mm grating is used for measurements around 172 eV. Diffuse scattering as well as the second harmonic of the monochromator are filtered with 0.7 lm-thick C filter. Higher harmonics are suppressed by a 3 mirror low pass filter using its Cr-coated slot. Both the entrance and output mirrors are set at an incidence angle of 2.8
, and the middle one is at 5.6 incidence angle. The beam is focused on the sample by a spherical entrance mirror. The 3.3 m focal length of this mirror allows for a low angle spread of the Bragg peaks. The base pressure inside the reflectometer is 6 Â 10 À5 Pa. The energy calibration was done measuring the B K absorption edge of a 0.4 lm-thick B filter with a 0.1 eV repeatability. The signal was measured using a Zr-coated Si diode, and the background noise was reduced using a 2 mm Â 5 mm W slit.
The general characteristics of the ALS reflectometer have been described in detail earlier. 28, 29 The base pressure in the sample chamber is 1.33 Â 10 À5 Pa. Second harmonic and stray light suppression is achieved with an appropriate transmission filter. When third or higher-order harmonic suppression is needed, an "order suppressor" consisting of three mirrors at a variable grazing incidence angle (depending on energy range) and based on the principle of total external reflection is used in addition to the filters. The ALS storage ring current is used to normalize the signal against the storage ring current decay. Photon energy calibration is based on the absorption edge of an appropriate filter (Si or Ti L 2,3 edge, in this work) with relative accuracy of 0.011% rms and with 0.007% repeatability. The reflectance measurements near 172 eV discussed in Section III B were obtained with a 200 lines/mm monochromator grating, a B filter for second-harmonic suppression, and the order suppressor consisting of three C mirrors at 6.5 grazing angle. The reflectance measurements at photon energies in the vicinity of the Cr L 2,3 edge (540-620 eV) discussed in Section III D were obtained with a 1200 lines/mm monochromator grating, a Co filter for second-harmonic suppression, and the order suppressor consisting of three Ni mirrors at 6.5 grazing angle. A 2-mm-diameter slit was also installed in front of the reflectometer chamber, to reduce scattering from the 1200 lines/ mm grating. An additional correction related to scattering from the 1200 lines/mm grating, corresponding to 2% (relative) as determined earlier in Ref. 30 , was applied to the reflectance measurements discussed in Section III D. In all ALS measurements in this paper, the signal was collected with a Si photodiode detector with an acceptance angle of 2. 4 . Surface roughness measurements were performed at the SOLEIL facility with an Atomic Force Microscope from the Park Company (NX20) in intermittent mode (similar to tapping mode) using AC160 TS Olympus tips.
TEM measurements were performed at EAG Labs (Sunnyvale, California). Prior to TEM imaging, the samples were coated with a %2 lm-thick Pt layer for protection purposes and were prepared by Focused Ion Beam (FIB). TEM imaging was performed with a Tecnai TF20 instrument with a field emission gun and 0.2 nm spatial resolution. Bright field images were obtained by selecting the central diffraction order only. High-resolution images were obtained at higher magnifications, by using all the orders in the diffraction pattern. Scanning Transmission Electron Microscopy (STEM) images were also obtained, to show the Z-contrast across the layers. A High Angle Annular Dark Field (HAADF) detector mapped the scattered angles from different materials in each sample. It should be noted that high-Z materials appear bright in STEM (opposite to the TEM bright-field and high-resolution imaging modes).
B. Fitting of GIXR and SXR data
The simulation and fitting of GIXR and SXR data were done using LEPTOS (Bruker commercial software) and IMD software. 31 The optical constants (d and b) that were used for the different materials and at several photon energies are gathered in Table I . The complex refractive index (n) is given by:
For Cr, we used the optical constants from the Henke tables. 33 For B 4 C and SXR, we used the optical constants of sputtered boron carbide measured by Soufli et al. 32 For B 4 C and GIXR, we used the optical constants calculated from the Henke tables at 8 keV for sputtered boron carbide of the same composition and density, as described in Ref. 32 . We have also used interfacial layers (ILs) in the fitting models. We used either the IMD graded interface model 31 with one interfacial layer (IL-1) or an IL with a modified composition (IL-2). The optical constants of IL-1 and IL-2 are calculated as a weighted average of Cr and B 4 C optical constants, with a weight of 50/50 and 70/30, respectively (see Table I ). The fitting procedure was the following: The GIXR data were first fitted using the LEPTOS genetic algorithm, the starting point being a Cr/B 4 C multilayer coating with the targeted thicknesses for both materials and reasonable interfacial and substrate roughness (0.3 nm). The GIXR experimental noise level was taken into account for the fits. The thickness of each material and the interfacial roughness were optimized in order to fit the GIXR data. Special emphasis was given to the critical angle (position and shape of the curve), the position and the intensity of the Bragg peaks, and the shape of the Kiessig fringes in-between Bragg peaks. When a satisfying model was obtained at 8 keV, it was then implemented at lower energies with the IMD software and compared to the corresponding SXR data. The model was then manually adjusted (thicknesses and roughnesses), in order to better fit the SXR data, again with special attention on the Bragg peak position and intensity, and on the shape of the Kiessig fringes. A third layer at the B 4 C-on-Cr interface was added when needed. After a satisfying model was obtained to fit the SXR data, we tested it again with GIXR data at 8 keV with IMD software. Several iterations were done in this manner, in order to fit consistently both GIXR and SXR measurements. This fitting procedure was repeated until we obtained a model that fitted all measured data for each sample and was also consistent with the model obtained for similar samples.
III. RESULTS AND DISCUSSION
A. GIXR measurements
We deposited six Cr/B 4 C multilayer samples with different parameters: samples MS1, MS2, and MS3 by magnetron sputtering and samples IBS1, IBS2, and IBS3 by ion beam sputtering. The number of periods and the targeted layer thickness values for each sample are given in Table II. For all samples, the deposition started with a Cr layer on the substrate and ended with a B 4 C layer on top. In some cases, we deposited an additional thickness of B 4 C, which is reported in Table II as "B 4 C cap," on top of the last B 4 C layer. We measured these 6 samples by GIXR and fitted the experimental data. The GIXR curves measured on the six samples display several orders of well-defined Bragg peaks. This indicates that all six multilayer samples, including those with very small layer thickness, possess a good periodicity and interface quality.
As examples, we show in Fig. 1 the experimental and fitted GIXR curves for samples MS1, MS3, and IBS2. The experimental curves for sample MS1 ( Fig. 1(a) ) demonstrate up to 9 well-defined Bragg peak orders. One can notice a slight broadening of the high order Bragg peaks (for the 5th and upper orders). This can be attributed to a shift in the multilayer period during the deposition process. We found by simulation that a shift of 2.5 pm/period allows reproducing the experimental Bragg peak widths.
The presence of small peaks around 1.8 and 3 on the experimental curve of Fig. 1(a) corresponds to the 3rd and 5th order Bragg peaks for the Cu-Kb line that is not perfectly filtered by the G€ obel mirror (the Cu-Kb intensity is estimated to be about 1/500 of the Cu-Ka).
We report in Table III the fitted parameters for the 6 samples. For MS1, we show the results for 2-layer and 3-layer models that correspond to the curves 1(a) and 1(b), respectively. The model with 2 layers (Cr/B 4 C stack) exhibits a significant asymmetry of the multilayer interfaces: the Cr-on-B 4 C interface appears very smooth (0.2 nm roughness), whereas the roughness of the B 4 C-on-Cr interface is higher (0.6 nm). Such asymmetry in the interfaces has been reported for other metal/B 4 C multilayers, such as La/B 4 C 5 or Mo/B 4 C. 1 In these 2 multilayer systems, the B 4 C-on-metal interfaces were found more diffuse.
In the 3-layer model, we added an interdiffusion layer (IL-1) at the B 4 C-on-Cr interface. Thus, the 3-layer model consists of a periodic stack with 3 layers per period: Cr, IL-1, and B 4 C (see Fig. 2(a) ). As shown in Fig. 1(b) , the 3-layer model provides a more accurate fit of the relative intensities of the Bragg peaks and especially of the 2nd order Bragg peak.
We have used the same 3-layer model to fit the GIXR measurements of MS2, IBS1, and IBS2 samples. Concerning the 2 samples with very thin B 4 C layers (MS3 and IBS3), the best fits were obtained with a 2-layer model made of Cr and IL-2 (see Fig. 2(b) ). This indicates that all the sputtered B 4 C is consumed to form the IL-2. Notice that this model is consistent with the IL-1 thickness values determined in samples with thicker B 4 C layers. In this case, we suppose that the composition of the IL-2 may differ from IL-1 because the next Cr layer is deposited directly on the interfacial layer and not on a B 4 C layer. The best fits were actually obtained for a layer IL-2 that contains more Cr than IL-1 (see Table I and Section II B). As examples of the above, we have plotted the experimental and fitted GIXR curves for sample MS3 ( Fig. 1(c) ) and IBS2 ( Fig. 1(d) ).
The results for samples MS1 (35 periods) and MS2 (10 periods) show that the IL thickness does not vary with the number of periods in the stack. This is also true for the IBS samples: samples IBS1 (10 periods) and IBS2 (35 periods) present almost the same IL thickness. This means that the interdiffusion phenomena do not vary significantly during the deposition process (IBS or MS), and that these phenomena do not degrade the multilayer periodicity.
As reported in Table III , the IL appears to be present in all samples regardless of the deposition technique used (MS or IBS). However, the models indicate a slightly thinner IL in the case of IBS deposition: about 1 nm versus %1.5 nm for MS deposition. The interfacial roughness values determined by GIXR fits are quite low (between 0.2 and 0.4 nm rms) and are very similar for both deposition techniques. The surface roughness was measured by AFM on a 10 Â 10 lm 2 area for all samples. For the MS samples, the rms roughness (r rms ) ranges between 0.27 nm and 0.4 nm. For the IBS samples, r rms ranges between 0.24 nm and 0.35 nm. These results confirm that the surface of the Cr/B 4 C multilayer coating is very smooth for all six samples. Moreover, the rms roughness values measured by AFM are consistent with the interfacial roughness values determined by GIXR and SXR fitting.
By comparing the targeted and fitted thickness values for MS1 and MS2 samples (see Tables II and III) , we can estimate that approximately 1.7 nm of magnetron sputtered B 4 C contribute to forming the IL with Cr. Thus, we expect that if the B 4 C targeted thickness is thinner than 1.7 nm, all the sputtered B 4 C will be used to form the IL. This is actually the case for sample MS3, which underlines the consistency of our model. Concerning the IBS samples, the fitted B 4 C thickness for IBS1 and IBS2 samples is approximately 1 nm less than the targeted one. This value is also consistent with the fitted results for IBS3: the B 4 C layer thickness in our 3-layer model goes to zero when the targeted B 4 C thickness decreases from 
nm (IBS2) to 0.7 nm (IBS3)
. These results show that the quantity of B 4 C that is consumed to form the IL is about 1 nm and thus slightly lower in the case of ion beam sputtering compared to magnetron sputtering. This difference could be related to the energetics of the two deposition processes which may be leading to slightly different properties (density, stoichiometry, and crystallinity) of one or both materials (Cr and B 4 C), and/or to slightly different interface mixing effects. In both MS and IBS samples, the total thickness of the IL appears to be approximately equal to the thickness of the B 4 C layer that contributes to the IL. The six samples ended with a B 4 C top layer that has been shown earlier to oxidize in contact with air. 32 The targeted top B 4 C thickness was about 3 nm or thicker for all samples except MS3 (see Table II ). We modeled the top oxide layer by adding a B 2 O 3 thin film on top of the last B 4 C layer, and we fitted its thickness. We found an oxide thickness in the range 0.5-0.6 nm for all samples (MS and IBS) except for sample MS3 that presents a thicker oxide layer (1.5 nm). The difference in oxide thickness for MS3 may be explained by the fact that the top layer in contact with air in this case is the interfacial layer IL-2 and not B 4 C.
B. SXR measurements
The 3 samples with thicker periods (MS1, MS2, and IBS1) were characterized by h/2h SXR measurements at photon energies around 170 eV at SOLEIL synchrotron. The results are plotted in Fig. 3 .
The SXR data show a 1st Bragg peak at the expected angle position, consistent with the multilayer model parameters shown in Table III for each sample. MS1 and MS2 were measured at 172.4 eV and IBS1 at 170 eV. The difference between Bragg peak positions for samples MS2 and MS1 is due to a small difference in their multilayer period, again as evidenced by the layer model parameters derived in Table III for these two samples. The smaller period thickness of sample IBS1 and the difference in photon energy result in a shift of its Bragg peak towards greater grazing angles. Samples MS2 and IBS1 both have less bilayers (N ¼ 10) than MS1 (N ¼ 35) leading to the observed differences in Bragg peak height and width.
Sample MS1 was also measured at beamline 6.3.2. of the ALS synchrotron at 172.4 eV photon energy. The x-ray beam at the ALS beamline was estimated to be about 90% s-polarized in this energy region, and this polarization value was used for all simulations at 170 and 172.4 eV. The measurements at both SOLEIL and ALS synchrotrons are consistent except for a slight angular shift (0.1 ) between the two curves, which could be due to a sample alignment or photon energy calibration discrepancy between the two facilities. The peak reflectance values measured at ALS and at SOLEIL were, respectively, 24.2% and 24.6%.
In order to compare the performance of these 3 multilayers, we calculate the ratio between the measured reflectance and the "theoretical reflectance," corresponding to the reflectance of a Cr/B 4 C multilayer stack with same period and thickness ratio, and ideal interfaces (no interface layer or interfacial roughness/interdiffusion). For samples MS2, MS1, and IBS1, we measured the peak reflectance values of 10.8%, 24.6%, and 7.4%, respectively; we obtain a ratio of, respectively, 0.725, 0.775, and 0.738. MS-and IBSdeposited Cr/B 4 C multilayers show thus similar reflective performance.
We have also plotted in Fig. 3 the fitted curves, calculated with the parameters given in Table III . For sample MS1, there is a significant difference in the peak reflectance between fits using the 2-layer (Cr/B 4 C) or the 3-layer model: 27.4% and 24.5%, respectively. With the 2-layer model, we were not able to fit accurately both the GIXR and SXR data, and the displayed fit is the best compromise that we achieved. On the other hand, the fits with the 3-layer model provide a very good agreement with the data for all three MS1, MS2, and IBS1 samples.
The fact that we were able to fit accurately the SXR and GIXR experimental data with the same set of parameters for each of the 3 samples confirms the validity of the 3-layer model.
The fact that the 3-layer model fits the data well both at around 170 eV and at 8 keV does not mean that there is no interdiffusion layer at the other interface (Cr-on-B 4 C) in the Cr/B 4 C multilayer. However, it does indicate that if an interdiffusion layer exists at the Cr-on-B 4 C interface it should be thinner, since it appears to be adequately represented by the "roughness/interdiffusion" parameter which is only 0.2 to 0.3 nm for this interface in our model.
As for the samples with thinner periods, we have performed SXR measurements at higher energies, in the vicinity of the Cr L edge. The angular reflectance spectrum of sample MS3 was measured at SOLEIL at a photon energy of 600 eV. This sample corresponds to a magnetron sputtered multilayer with very thin B 4 C layers (see Table II ). If we consider pure Cr and B 4 C layers without any interdiffusion, we should expect from the simulation a peak reflectance of 4.5%. The experimental peak reflectance for sample MS3 is below 0.4%, and the noise level was about 0.1% for this measurement. The fact that the experimental peak reflectance is one order of magnitude lower than the theoretical one clearly indicates that extensive interdiffusion takes place in this sample. Indeed, calculations using the Cr/IL-2 model (see Table II for model parameters) predict a peak reflectance value about 0.2% for this sample. We have obtained similar results on sample IBS3 deposited by ion beam sputtering. This sample was measured at SOLEIL at a photon energy of 574 eV. The reflectance vs. angle spectrum presents no Bragg peak between 20 and 30 grazing angle. Note that the noise level was relatively high (about 0.5%) due to relatively low photon flux on the beamline at this energy. The theoretical peak reflectance values for this sample are, respectively, 7% and 1.3% at 27 grazing angle for the Cr/B 4 C and Cr/IL-2 models. Thus, for both samples MS3 and IBS3, the Cr/IL-2 multilayer model is in better agreement with experimental data than the Cr/B 4 C model.
We have also measured the reflectance vs. angle spectrum of sample MS1 at 600 eV at SOLEIL. It presents a peak reflectance of 8.4% at 9.5 grazing angle. However, it was not possible to fit these experimental data with the tabulated Cr optical constants at this photon energy. Additional measurements were performed at ALS on this sample and will be discussed in Section III D.
C. HRTEM and STEM analyses
We selected two Cr/B 4 C samples for the TEM study: sample MS1 that gives the highest reflectance at 170 eV and sample MS3 deposited with the same method but with much thinner B 4 C layers. Fig. 4 shows a bright-field TEM image obtained on sample MS1 displayed side-by-side with a STEM image of the same sample. They indicate a multilayer structure composed of homogeneous layers with smooth interfaces, as is also evidenced by the high reflectance of this sample discussed in Sections III A and III B. Fig. 5 shows a high-resolution TEM image obtained on sample MS3 displayed side-by-side with a STEM image. Although a periodic structure can be clearly seen across the entire multilayer in both TEM and STEM images, the layers appear somewhat inhomogeneous, and the contrast between them is reduced. The appearance of the B 4 C layers in Figs. 4 and 5 suggests that the B 4 C layers are most likely amorphous, as already reported previously. 5, 13, 32 It is possible that the Cr layers may be polycrystalline, based on the presence of darker areas within the Cr-containing layers in Figs. 4 and 5, which could be attributed to the presence of crystallites. A detailed study of the morphology and microstructure of the B 4 C and Cr layers inside these multilayers is currently underway and will be included in a future publication. The intensity profiles extracted from the TEM/ STEM images in Figs. 4 and 5 are shown in Figs. 6(a) and 7 , respectively. For sample MS1, we have also plotted the profiles obtained from TEM and STEM images with higher magnifications (Fig. 6(b) ). The profiles in Fig. 7 (sample MS3) clearly demonstrate the absence of sharply defined layers. These imaging results are consistent with the 8 keV data and model from sample MS3 (see Table III ), in which the very thin B 4 C layer is entirely consumed into an interdiffusion layer (IL-2). It is worthwhile noting the good qualitative agreement between the TEM and STEM profiles in both MS1 and MS3 samples.
The TEM image intensity profile of sample MS1 in Fig.  6(b) shows a regularly distributed periodic structure with the maxima representing B 4 C layers and the minima representing Cr layers. One can observe some "bumps" at the B 4 Con-Cr interfaces, which coincide with the interfacial layer of our model (IL-1). One can also note the presence of bumps at the other interface (Cr-on-B 4 C), but those bumps are smaller, which again tends to validate our 3-layer model.
The layer thicknesses in sample MS1 have been estimated using TEM image intensity profiles. The method that was used is the following: The points corresponding to the position of the Cr layers (minima), the center of the B 4 C layers (center of the "B 4 C plateau"), and the bumps and dips corresponding to interdiffusion layer IL-1 were manually selected (see red vertical strokes in the inset of Fig. 6(b) ). The points corresponding to the layer boundaries (see black horizontal strokes and black dash lines in the inset of Fig.  6(b) ) were then calculated so that they were at half height between the previously selected points.
The averaged values for layer thicknesses in sample MS1 determined with the above method are the following: 2.17 nm for Cr, 1.36 nm for IL-1, and 3.13 nm for B 4 C, with an average measured period of 6.68 nm. These results are compatible with our model, showing an IL-1 thickness close to 1.5 nm.
The same method was employed to determine the layer thicknesses in sample MS3. Here, a 2-layer model was used (Cr/IL-2), as discussed earlier. The layer thicknesses were estimated using the STEM image intensity profile, since it is less noisy than the TEM intensity profile (see Fig. 7 ). We selected the minima and maxima corresponding to Cr and IL-2 layers (see red strokes in the inset of Fig. 7) and then calculated the position of the layer boundaries (see black horizontal lines and black dash lines in the inset of Fig. 7) given by the positions corresponding to half height between the previous points.
In this manner, the averaged values for layer thicknesses in sample MS3 were found to be 1.42 nm for Cr and 1.57 nm for IL-2, with an average period of 2.98 nm. These values are close to those of the model we obtained from the 8 keV and SXR measurements (see Table III ).
D. Reflectance measurements in the vicinity of the Cr L 2,3 absorption edge Fig. 8 shows the reflectance vs. photon energy measurements performed on sample MS1 in the vicinity of the Cr L 2,3 absorption edge, at incidence angles ranging from 8.6 to 9.6 . As expected, the peak reflectance increases when the peak gets closer to the absorption edge and the peak becomes narrower. One can notice that a smaller peak is present on all curves around 585 eV and that its position is independent on the grazing angle. Fig. 9 shows the measured curve with the highest peak reflectance, 51.5% at 572.94 eV, obtained at 9.2 grazing incidence angle. The 3-layer model (see parameters in Table III ) using the available optical constants for Cr 33 is also plotted for comparison. The agreement between the model and the data is poor. Especially, the peak around 585 eV in the measurements cannot be reproduced by the model. This feature, attributed to the Cr L 2 absorption edge, is evidently missing from the tabulated optical constants, thus indicating lack of accurate Cr optical constants' values around the L 2,3 edge.
We have also measured the reflectance vs. incidence angle at 572.94 eV and 600 eV at ALS on sample MS1. These measurements demonstrated up to 3 orders of well-defined Bragg peaks, which confirm the quality of this multilayer. Fig. 10 shows the data at 600 eV and the reflectance calculated with the 3-layer model (see parameters in Table III ). Once again, there is significant disagreement between the experimental data and the calculation using available Cr optical constants. The critical angle and the shape and location of the Bragg peaks are not well reproduced by the simulation. We have also plotted in Fig. 10 the reflectance calculated by using the 3-layer model (same parameters as previously, see Table III ) and by fitting the optical constants of Cr. The fitted values of the Cr optical constants are displayed in Fig. 10 and compared to Henke data. 33 One can notice the very good agreement between the experimental data and the fitted curve. These results confirm the validity of the 3-layer model for Cr/B 4 C multilayers and provide new values of Cr optical constants at 600 eV, with the greatest difference being in the delta value as compared to previously available data. We applied the same procedure with the experimental reflectance data at 572.94 eV (not shown here) and obtained: À0.003713 (d) and 0.0005701 (b), as compared to À0.002509 (d) and 0.0003354 (b) from the Henke tables.
IV. CONCLUSIONS
We have deposited by magnetron sputtering and ion beam sputtering a set of periodic Cr/B 4 C multilayer mirrors. We obtained GIXR and SXR measurements at photon energies ranging from 8 keV down to 172 eV and fitted the results. Our fits worked consistently at all measured photon energies and revealed the presence of asymmetric interfaces within the Cr/B 4 C multilayer structure, with a 1-1.5 nm thick interdiffusion layer at the B 4 C-on-Cr interface, which was included in a 3-layer multilayer model. The multilayers with very thin (about 1 nm) B 4 C layers showed very low X-ray reflectance and were fitted consistently with a 2-layer multilayer model, composed of only Cr and interdiffusion layers.
These conclusions are also supported by TEM and STEM analyses. The results reported in this paper enhance the optimization of Cr/B 4 C multilayer performance and the understanding of the physics of ultra-short-period Cr/B 4 C multilayers and B 4 C barrier layers in Cr-based multilayers. Cr/B 4 C multilayer coatings have already been optimized using the 3-layer model proposed here and deposited to produce an alternate multilayer grating that acts as a high efficiency monochromator for synchrotron radiation between 1 and 4 keV.
Finally, we report on Cr/B 4 C reflectance measurements in the vicinity of the Cr L 2,3 absorption edge, which reveal features that are not predicted by the tabulated optical constants of Cr. By fitting reflectance vs. angle scans at 572.94 eV and at 600 eV, we have determined new values of Cr optical constants at these energies that differ significantly from the Henke tables. These results demonstrate the need for accurate Cr optical constants' measurements at photon energies close to the Cr L 2,3 absorption edge. This would enable a more accurate performance optimization of Cr/B 4 C and of other Cr-based multilayer systems that operate in this spectral domain, thus unlocking their full potential. 
